Abbreviations
=============

ATG

:   autophagy related

Baf

:   bafilomycin A~1~

BCR-ABL1

:   breakpoint cluster region--ABL proto-oncogene 1, nonreceptor tyrosine kinase

CML

:   chronic myeloid leukemia

CQ

:   chloroquine

Doxy

:   doxycycline

EGFP

:   enhanced green fluorescent protein

ERK

:   extracellular signal-regulated kinase

FM

:   full medium

GST

:   glutathione S-transferase

HA

:   hemagglutinin tag

LIR

:   LC3-interacting region

MAP

:   mitogen-activated protein

MAP1LC3B/LC3B

:   microtubule-associated protein 1 light chain 3 β

PE

:   phosphatidylethanolamine

aa

:   amino acid

Rap

:   rapamycin

ROS

:   reactive oxygen species

SCR

:   scrambled

SH3

:   SRC homology 3

SQSTM1

:   sequestrosome 1

ST

:   starvation

TKI

:   tyrosine kinase inhibitor

WB

:   western blot

WM

:   wortmannin.

Introduction {#s0001}
============

Chronic myeloid leukemia (CML) is a myeloproliferative disorder characterized by excessive accumulation of apparently normal myeloid cells, molecularly characterized by the presence of the Philadelphia (Ph) chromosome, resulting from a (9;22)(q34;q11) reciprocal translocation.[@cit0001] Expression of the resulting *BCR-ABL1* oncogene is usually considered the initiating event in the genesis of this disease and is sufficient to induce leukemia.[@cit0005] Thanks to its constitutively active tyrosine kinase activity, BCR-ABL1 is, indeed, able to mimic growth factors stimulation by activating many signaling pathways, leading to increased proliferation, decreased apoptosis, reduced growth factor-dependence, and abnormal interaction with extracellular matrix and stroma.[@cit0006]

Most CML patients are usually diagnosed in the initial, chronic phase of the disease and treated with first and/or second generation drugs designed to block the enzymatic activity of the BCR-ABL1 tyrosine kinase, namely imatinib, dasatinib, and nilotinib.[@cit0008] Still, approximately 20% of patients in chronic phase fail to respond to both imatinib and to subsequent second generation tyrosine kinase inhibitors (TKIs), with very poor prognosis once progressed to the advanced blastic phase.[@cit0008] Therefore, while these TKIs have clearly revolutionized therapy for the disease, there is still need for supplementary or alternative options to "integrate" current pharmacological approaches. In this context, autophagy has been demonstrated as necessary for BCR-ABL1-induced leukemogenesis,[@cit0007] as well as to protect cancer cells from apoptosis induced by antineoplastic drugs such as imatimib.[@cit0011] Based on these evidences, an inhibitor of autophagy, hydroxychloroquine, has been already successfully used to potentiate TKI-induced cell death in Ph chromosome-positive cells, including primary CML stem cells.[@cit0007] Importantly, new clinical trials are also investigating the effect of adding hydroxychloroquine to Imatinib treatment for CML (CHOICES trial, http://www.cancerresearchuk.org/about-cancer/find-a-clinical-trial/a-trial-hydroxychloroquine-with-imatinib-for-choices).

MAPK15 is currently the last identified member of the MAP kinase family of proteins.[@cit0017] Its activity can be modulated by nutrient deprivation,[@cit0018] and by important human oncogenes, such as RET-PTC3, RET-MEN2B, and BCR-ABL1.[@cit0020] Still, very limited information is available about the role of this MAP kinase in cell proliferation and transformation, sometimes with opposite results depending on the experimental system used. Indeed, while MAPK15 activity is important for transformation of human colon cancer cells,[@cit0021] its mouse orthologous gene negatively regulates cell growth of Cos7 cells.[@cit0022] Importantly, we have recently described a role for MAPK15 in the regulation of autophagy, and have demonstrated the feasibility of pharmacologically interfering with this process by modulating the activity of this MAP kinase.[@cit0019]

Here, we show that BCR-ABL1 was able to modulate autophagy and that MAPK15 mediated this effect in an LIR-dependent manner. Moreover, not only artificial depletion of the endogenous MAP kinase inhibited BCR-ABL1-dependent autophagy but, also, we demonstrate that it was possible to pharmacologically interfere with this process by using a MAPK15 inhibitor. Importantly, based on the role of autophagy in BCR-ABL1-dependent transformation, we show that MAPK15 and its ability to control the autophagic process was required for cell proliferation and in vivo tumor development induced by this oncogene, therefore establishing MAPK15 as a novel potential and feasible therapeutic target for human CML.

Results {#s0002}
=======

BCR-ABL1 interacts with MAPK15 and colocalizes with it at phagophores {#s0002-0001}
---------------------------------------------------------------------

We have previously shown that the BCR-ABL1 oncogene stimulates MAPK15 activity and that the ABL1 proto-oncogene interacts with this MAP kinase and mediates its activation by RET-PTC3[@cit0020] (**Fig. S1**). Expanding these results, we therefore tested the interaction between MAPK15 and BCR-ABL1 and demonstrated that they readily coimmunoprecipitated ([**Fig. 1A**](#f0001){ref-type="fig"}). In this context, sequence analysis of MAPK15 has already revealed the presence of 2 potential SH3-domain binding motifs, P*XX*P, within its C-terminal region and Abe and collaborators have demonstrated that such motifs associate with the SRC SH3 domain.[@cit0017] We therefore tested whether MAPK15 could associate also with the ABL1 SH3 domain. To this aim, we cotransfected MAPK15 and an activated form of ABL1 (Act. ABL1) in which the SH3 domain has been deleted.[@cit0023] In these settings, MAPK15 was still able to coimmunoprecipitate with the mutated protein, even in the absence of ABL1 SH3 ([**Fig. 1A**](#f0001){ref-type="fig"}), suggesting the existence of additional domains in ABL1 able to mediate interaction with the MAP kinase. Figure 1.BCR-ABL1 interacts with MAPK15. (**A**) 293T cells were transfected with HA-MAPK15 and with plasmids encoding the empty vector or the indicated ABL1 and BCR-ABL1-expressing vectors. Total lysates were collected 24 h later and, after immunoprecipitation, western blot analysis was performed. Similar results were obtained in 3 independent experiments. (**B**) K562 cells were harvested and total lysates were collected. Lysates were subjected to immunoprecipitation with preimmune IgG, as control, or with anti-MAPK15 IgG. Then, immunoprecipitated protein complexes were analyzed by SDS-PAGE and western blot. Similar results were obtained in 3 independent experiments. (**C**) HeLa cells were transfected with HA-MAPK15 and BCR-ABL1 plasmids and then subjected to immunofluorescence analysis. MAPK15 is visualized in green, BCR-ABL1 in red, and DAPI-stained nuclei in blue. White arrows indicate colocalization spots. The Pearson correlation between MAPK15 and BCR-ABL1 was calculated (*P* = 0.658 ± 0 .071). The colocalization rate of MAPK15 and BCR-ABL1 was obtained by analyzing at least 400 cells from 3 different experiments (n = 3). Scale bars, 10 μm. (**D**) GFP-LC3 HeLa cells were transfected with HA-MAPK15 and BCR-ABL1 plasmids and then subjected to immunofluorescence analysis. GFP-LC3 is visualized in green, BCR-ABL1 in red, MAPK15 in cyan and DAPI-stained nuclei in blue. White arrows indicate colocalization spots. a, anti. Scale bars, 10 μm.

In order to define a physiological context for MAPK15 in BCR-ABL1 signaling, we analyzed a panel of myeloid and lymphoid cell lines for the expression of the MAP kinase (**Fig. S2**). Interestingly, all BCR-ABL1-encoding CML cell lines (KCL-22, LAMA84 and K562) expressed MAPK15 at high levels, whereas immortalized T lymphocyte cells (Jurkat) and other BCR-ABL1-negative leukemic cell lines (U937, REH and HL60) showed much lower MAPK15 expression. Among BCR-ABL1 positive CML cell lines, exhibiting high levels of MAPK15, we then choose K562 cells to investigate the interaction between this kinase and BCR-ABL1, in their physiological context and at endogenous levels. In these conditions, BCR-ABL1 readily coimmunoprecipitated with endogenous MAPK15 ([**Fig. 1B**](#f0001){ref-type="fig"}**)**, which appeared as 2 bands possibly representing alternatively phosphorylated or cleaved forms of the protein.

The BCR-ABL1 oncoprotein has been extensively localized to the cytoplasm and to the nucleus.[@cit0024] In particular, BCR-ABL1 is restrained to the cytosol through its F-actin binding domain,[@cit0026] but can translocate to the nucleus upon imatinib treatment, inducing cellular apoptosis.[@cit0027] Therefore, we examined BCR-ABL1 and MAPK15 localization in our cellular model and demonstrated, by an immunofluorescence approach, that the 2 proteins colocalized with a very high Pearson correlation (*P* = 0.658 ± 0 .071, [**Fig. 1C**](#f0001){ref-type="fig"}), further supporting, in vivo, the evidence of their interaction. Interestingly, available data from cell fractionation and immunofluorescence experiments have shown that MAPK15, besides being localized to the cytoplasm and the nucleus, is also on vesicles identified as autophagic in nature.[@cit0019] Remarkably, MAPK15 and BCR-ABL1 colocalization was also evident on intracellular vesicles **([Fig. 1C](#f0001){ref-type="fig"})**, confirming a punctate pattern already described for BCR-ABL1.[@cit0026] We, therefore, took advantage of HeLa cells stably expressing GFP-LC3B to investigate the localization of both these molecules on autophagic vesicles and confirmed their colocalization with LC3B, a marker of phagophores and autophagosomes ([**Fig. 1D**](#f0001){ref-type="fig"}). Altogether, our data demonstrate physical interaction, at the endogenous levels, of the BCR-ABL1 oncoprotein with MAPK15, on vesicles of autophagic origin, suggesting their interplay as functionally important to control oncogene-dependent functions.

BCR-ABL1 induces autophagy {#s0002-0002}
--------------------------

Some data indicate that BCR-ABL1 is involved in the regulation of autophagy in leukemic cells.[@cit0009] However, its precise role in this process is still the object of controversy. Indeed, on one hand imatinib, the most used BCR-ABL1 inhibitor, has been described to increase autophagy in leukemic cells,[@cit0014] suggesting this oncogene as a negative regulator of autophagy whereas, on the other hand, it has been demonstrated that BCR-ABL1 cellular transformation is dependent on autophagy for cancer cell survival and proliferation.[@cit0009] In this context, we decided to examine BCR-ABL1 effect in a well-established model for the study of autophagy, i.e. the HeLa cancer cell line.[@cit0019] To this aim, we created an inducible cell line for BCR-ABL1, HeLa-T-Rex-BCR-ABL1, in order to circumvent potential biases arising from stress induced by transient transfection.[@cit0019] In this cellular system, BCR-ABL1 was expressed only upon doxycycline treatment ([**Fig. 2A**](#f0002){ref-type="fig"}). Next, we analyzed the effect of BCR-ABL1 expression on autophagy, by monitoring the average number of autophagosomes per cell. In HeLa-T-Rex-BCR-ABL1 cells, the expression of the oncogenic fusion protein led to a significant increase in the amount of LC3B dots per cell, compared to control sample ([**Fig. 2B**](#f0002){ref-type="fig"}). In order to confirm these data, we also examined the autophagic flux in HeLa cell by analyzing the amount of the lipidated, autophagosome-associated form of LC3B (LC3B-II) in cells treated with an inhibitor of lysosomal proteases, bafilomycin A~1~ (Baf). Indeed, induction of autophagy is associated to an increase of LC3B-II[@cit0033] that can be monitored by using anti-LC3B antibodies specifically recognizing this modified protein.[@cit0019] As shown in [**Figure. 2C**](#f0002){ref-type="fig"}, BCR-ABL1 increased the amount of LC3B-II in HeLa cells when compared to control samples. Moreover, to specifically determine the autophagic flux,[@cit0033] BCR-ABL1-expressing cells were treated with Baf, revealing a further increase in LC3B-II amount when compared to untreated controls. Thus, the BCR-ABL1 oncoprotein led to an increase of autophagic flux in HeLa cells, indicating that BCR-ABL1 is a positive regulator of autophagy. As a further control, we also overexpressed a dominant negative construct encoding for a kinase dead ABL1 isoform. Unlike BCR-ABL1, this construct caused a reduction of the autophagic flux compared to control samples ([**Fig. 2C**](#f0002){ref-type="fig"}), indicating that tyrosine kinase activity is implicated in BCR-ABL1-dependent regulation of autophagy. Taken together, these data suggested that BCR-ABL1 is a bona fide inducer of the autophagic process. Figure 2.BCR-ABL1 induces autophagy in HeLa cells. (**A**) HeLa T-Rex BCR-ABL1 cells were treated with doxycycline for the indicated periods. Then, total lysates were collected and subjected to western blot analysis. Similar results were obtained in 3 independent experiments. (**B**) HeLa T-Rex BCR-ABL1 cells were treated with doxycycline for 24 h. Cells were stained for LC3B with a specific antibody, in green, and with DAPI for nuclei, in blue. LC3B-positive dots were counted using a specific protocol by Volocity software (see graph on the right). Similar results were obtained in 3 independent experiments (n = 3). Scale bars, 10 μm. (**C**) HeLa cells were transfected with HA-MAPK15, BCR-ABL, GFP-ABL^KD^ or control plasmids. After 24 h, cells were treated with 100 nM Baf for 1 h and total lysates were collected for western blotting analysis. Densitometric analysis of bands was also performed on this experiment, representative of 3 independent experiments (n = 3).

MAPK15 mediates BCR-ABL1-induced autophagy {#s0002-0003}
------------------------------------------

We have recently described MAPK15 as a regulator of the autophagic process.[@cit0019] As BCR-ABL1 was able to induce autophagy, to stimulate MAPK15 activity,[@cit0020] and to interact with this MAP kinase (see above), we decided to examine whether MAPK15 was able to modulate BCR-ABL1-induced autophagy. We therefore exploited a RNA interference approach, by using already validated commercial *MAPK15*-specific siRNAs,[@cit0018] custom-made siRNAs (**Fig. S3**), and commercial shRNAs (**Fig. S4**), in HeLa cells expressing BCR-ABL1. In these settings, using *MAPK15* siRNAs, we observed a significant decrease in the number of autophagosomes in BCR-ABL1-expressing cells depleted for MAPK15, comparing with those treated with control siRNA ([**Fig. 3A**](#f0003){ref-type="fig"}). Furthermore, we also assessed the autophagic activity of cells stably expressing BCR-ABL1 and *MAPK15*-specific shRNAs, by monitoring LC3B and SQSTM1 protein levels under full medium, starvation, and Baf treatment conditions. As expected,[@cit0019] interfering with MAPK15 expression strongly reduced autophagic flux and starvation-induced autophagy ([**Fig. 3B**](#f0003){ref-type="fig"}). BCR-ABL1, when expressed, stimulated the autophagic flux, whereas depletion of MAPK15 in BCR-ABL1-expressing cells caused a reduction in this flux and a decrease in the starvation-induced autophagic response ([**Fig. 3B**](#f0003){ref-type="fig"}). Once established that MAPK15 controlled BCR-ABL1-induced autophagy in HeLa model cell lines, we next sought to confirm the existence of this specific pathway in K562 CML cells endogenously expressing both these kinases (see above). Autophagic flux was, therefore, evaluated by western blot in K562 cells, comparing shSCR with sh*MAPK15*. MAPK15-depleted K562 cells had, indeed, a decreased autophagic flux with a higher basal level for SQSTM1 and a reduced increase for LC3B-II upon Baf treatment ([**Fig. 4A**](#f0004){ref-type="fig"}). To corroborate this data, we also evaluated autophagy by immunofluorescence, using specific shRNA for *MAPK15* in K562 cells, demonstrating a strong reduction in the amount of autophagic vesicles per cell, in both basal conditions and upon Baf treatment (**Fig.4B**). Altogether these data further confirm that BCR-ABL1 was able to induce autophagy and that MAPK15 was important for proper basal autophagic response, while ultimately demonstrating a role for this endogenous MAP kinase in mediating BCR-ABL1-induced autophagy. Figure 3.MAPK15 mediates BCR-ABL1-induced autophagy. (**A**) HeLa T-Rex BCR-ABL1 cells were transfected with scrambled or *MAPK15* siRNA. After 48 h cells were treated with doxycycline for 24 h and subjected to immunofluorescence analysis. In these representative images, LC3B is visualized in green and DAPI-stained nuclei in blue. LC3B-positive dots were counted using a specific protocol by Volocity software (see graph on the right). Scale bars, 25 μm. (**B**) HeLa cells, stable for the indicated plasmids (empty vector, BCR-ABL1, shSCR or sh*MAPK15*), were treated as indicated: starvation was performed in Hank\'s medium for 20 min, 100 nM Baf was added for 1 h. Then, total lysates were harvested and subjected to western blot analysis. One experiment, representative of 3 independent experiments is shown (n = 3). Densitometric analysis of bands was also performed. Figure 4.MAPK15 mediates BCR-ABL1-induced autophagy in CML cells. (**A**) K562 cells, stably expressing the indicated plasmids (shSCR or sh*MAPK15*), were treated as indicated: 100 nM WM or 100 nM Baf was added for 1 h. Then, total lysates were harvested and subjected to western blot analysis. One experiment, representative of 3 independent experiments is shown (n = 3). Densitometric analysis of bands was also performed. (**B**) K562 cells, stably expressing the indicated plasmids (shSCR or sh*MAPK15*), were treated with 100 nM Baf (1 h), and then cells were subjected to immunofluorescence analysis. In these representative images, LC3B is visualized in green and DAPI-stained nuclei in blue. LC3B positive dots were counted using a specific protocol by Volocity software (see graph on the right). Scale bars, 7.5 μm.

Localization of BCR-ABL1 to autophagic vesicles is mediated by the ability of MAPK15 to interact with LC3-family proteins, in an LIR-dependent manner {#s0002-0004}
-----------------------------------------------------------------------------------------------------------------------------------------------------

Since MAPK15 is localized to autophagic vesicles thanks to LC3-interacting region (LIR)-dependent interactions,[@cit0019] we investigated whether this domain was also necessary for BCR-ABL1 localization to autophagic vesicles. Indeed, BCR-ABL1 colocalized with LC3B-positive dots in cells expressing wild-type (WT) MAPK15 ([**Fig. 5A**](#f0005){ref-type="fig"}), whereas no localization of BCR-ABL1 was observed in cells expressing a LIR-defective MAPK15 mutant (MAPK15^AXXA^; [**Fig. 5B**](#f0005){ref-type="fig"}). To confirm the formation of a complex between BCR-ABL1 and LC3B, mediated by MAPK15 and its LIR motif, we next precipitated a GST-fused BCR-ABL1 isoform by affinity purification together with WT and LIR-defective MAPK15 and evaluated endogenous LC3B coprecipitation. Interestingly, BCR-ABL1 was able to precipitate LC3B only in presence of WT MAPK15 whereas the expression of the MAPK15^AXXA^ mutant completely prevented LC3 precipitation by BCR-ABL1 ([**Fig. 5C**](#f0005){ref-type="fig"} **and Fig. S5**). Based on these results, we also investigated whether correct localization of BCR-ABL1 to autophagic vesicles was required for oncoprotein-induced autophagy. Hence, we evaluated autophagic flux and autophagosome amount in WT MAPK15- and MAPK15^AXXA^-expressing cells. These experiments highlighted the ability of the MAPK15 LIR mutant, which prevented BCR-ABL1 relocalization on autophagic vesicles, to strongly inhibit BCR-ABL1-induced autophagy and autophagic flux, as scored by accumulation of LC3B-II protein ([**Fig. 5D**](#f0005){ref-type="fig"}) and by the decreased number of autophagosomes ([**Fig. 5E**](#f0005){ref-type="fig"}). Altogether, these data demonstrated that BCR-ABL1 is localized on autophagic vesicles by MAPK15-dependent interaction with LC3B and that such localization is required for BCR-ABL1 induction of autophagy. Figure 5.Localization of BCR-ABL1 to autophagic vesicles is mediated by the ability of MAPK15 to interact with LC3-family proteins, in an LIR-dependent manner. (**A-B**) GFP-LC3B HeLa cells were transfected with BCR-ABL1 and WT HA-MAPK15 or HA-MAPK15^AXXA^ plasmids and then subjected to immunofluorescence analysis. GFP-LC3 is visualized in green, BCR-ABL1 in red, MAPK15 in cyan, and DAPI-stained nuclei in blue. In these representative images, white arrows indicate colocalization spots. Scale bars, 10 μm. (**C**) 293T cells were transfected with the indicated plasmids (empty vector, GST, GST-BCR-ABL, BCR-ABL, WT HA-MAPK15 or HA-MAPK15^AXXA^) and harvested after 24 h. Total lysates were then subjected to GST affinity purification and analyzed by western blot. Similar results were obtained in 3 independent experiments (n = 3). (**D**) HeLa cells were transfected with BCR-ABL1, WT HA-MAPK15, HA-MAPK15^AXXA^ or control plasmids. After 24 h, cells were treated with 100 nM Baf for 1 h and total lysates were harvested for western blotting analysis. One experiment, representative of 3 independent experiments is shown. Densitometric analysis of bands was also performed. (**E**) GFP-LC3B Hela cells were transfected with BCR-ABL, HA-MAPK15^AXXA^ or control plasmids. After 48 h, cells were treated with 100 nM Baf for 1 h and fixed. Then cells were immunolabeled for BCR-ABL1 and MAPK15. Positive cells for BCR-ABL1, MAPK15 or both were then analyzed for the number of LC3B dots using a specific protocol by Volocity software. The accompanying histogram was obtained by analyzing at least 400 cells/sample from 3 different experiments (n = 3).

MAPK15 catalytic activity is required for BCR-ABL1-dependent induction of autophagy {#s0002-0005}
-----------------------------------------------------------------------------------

Over the past decade, protein kinases have become the pharmaceutical industry's most popular drug targets, especially in the field of cancer. Consequently, based on the potential role of MAPK15 in autophagy and cancer,[@cit0019] we decided to investigate whether its enzymatic activity was required for BCR-ABL1-induced autophagy. Thus, we overexpressed the kinase inactive mutant of MAPK15 (MAPK15^KD^, Asp154Ala (D154A) mutation) in BCR-ABL1-positive cells and monitored the expression levels of autophagic markers such as LC3-II and SQSTM1. In these settings, the MAPK15^KD^ mutant reduced both basal and BCR-ABL1-induced autophagy ([**Fig. 6A**](#f0006){ref-type="fig"}). A further control of autophagy constraint by MAPK15^KD^ came from analysis of the autophagic flux. Indeed, this analysis evidenced that this mutant reduced flux of both basal and BCR-ABL1-induced autophagy ([**Fig. 6B**](#f0006){ref-type="fig"}). Moreover, we monitored autophagy in BCR-ABL1-expressing cells treated with the MAPK15 kinase inhibitor, Ro318220.[@cit0018] Also in this case, inhibition of MAPK15 catalytic activity led to a reduction of BCR-ABL1-induced autophagy ([**Fig. 6C**](#f0006){ref-type="fig"}) and autophagic flux of both basal and BCR-ABL1-induced autophagy ([**Fig. 6D**](#f0006){ref-type="fig"}). Altogether, these data indicate that MAPK15 kinase activity is necessary to mediate BCR-ABL1-dependent autophagy. Figure 6.MAPK15 catalytic activity is required for BCR-ABL1-dependent induction of autophagy. (**A**) HeLa cells were transfected with BCR-ABL1 and HA-MAPK15^KD^ plasmids. After 24 h, total lysates were collected for western blotting analysis. Representative western blot shows levels of the LC3B and SQSTM1 autophagic markers in cells expressing BCR-ABL1 with or without MAPK15^KD^. Densitometric analysis of bands was also performed. Histograms show means ± SD of densitometric analysis for LC3B-II, SQSTM1 and MAPK1 from 3 independent experiments (n = 3). (**B**) HeLa cells were transfected with BCR-ABL1, HA-MAPK15^KD^ or control plasmids. After 24 h, cells were treated with 100 nM Baf for 1 h and total lysates were harvested for western blotting analysis. One experiment, representative of 3 independent experiments is shown (n = 3). Densitometric analysis of bands was also performed. (**C**) HeLa cells were transfected with BCR-ABL1 or control plasmids. After 24 h, cells were treated with 1uM Ro318220 for 1 h and total lysates were collected for western blotting analysis. Similar results were obtained in 3 independent experiments. Densitometric analysis of bands was also performed. Charts show means ± SD of densitometric analysis for LC3B-II, SQSTM1, and MAPK1 from 3 independent experiments (n = 3). (**D**) HeLa cells were transfected with BCR-ABL1 or control plasmids. After 24 h, cells were treated with 1uM Ro318220 and 100 nM Baf for 1 h, as indicated, and total lysates were harvested for western blotting analysis. Similar results were obtained in 3 independent experiments (n = 3). Densitometric analysis of bands was also performed.

MAPK15 depletion inhibits BCR-ABL1-dependent cell proliferation and in vivo tumor formation {#s0002-0006}
-------------------------------------------------------------------------------------------

BCR-ABL1 expression confers cells the ability to proliferate in the absence of growth signals and to escape apoptosis.[@cit0006] Indeed, we confirmed the ability of this oncogene to increase proliferation also in our model system, HeLa cells (**Fig. S6**). Based on the role of MAPK15 in autophagy induced by BCR-ABL1 and on the already demonstrated role of this cellular process in cell survival and leukemogenesis controlled by this oncogene,[@cit0009] we next asked whether MAPK15 may have a role in BCR-ABL1-dependent cell proliferation. Using a MAPK15 depletion approach (see above), we indeed demonstrated that interfering for the expression of the endogenous MAP kinase caused a significant reduction in HeLa cell proliferation induced by BCR-ABL1 overexpression ([**Fig. 7A**](#f0007){ref-type="fig"}), without affecting apoptosis in these cells (**Fig. S7**). Figure 7.MAPK15 depletion inhibits BCR-ABL1-dependent cell proliferation and transformation. (**A**) HeLa cells were transfected with SCR siRNA or *MAPK15* specific siRNA. After 8 h cells were transfected with BCR-ABL1 or control plasmids. After further 64 h, cells were harvested and counted. (**B**) HeLa cells were transfected with SCR siRNA or *MAPK15* specific siRNA. After 24 h cells were transfected with BCR-ABL1 or control plasmids. Cells were then assessed for anchorage-independent growth by seeding them into agar medium. After 14 d, colonies were counted. All quantitative data shown represent the means ± SD of 3 independent experiments (n = 3). (**C**) K562 cells, stable for the indicated shRNA-encoding plasmids, were seeded in 6-well plates at 2 × 10^5^ cells per well in triplicate. After 72 h, cells were harvested and counted. One-way ANOVA test comparing each shSCR cell line with each sh*MAPK15* cell line resulted in a *P* value significance lower than 0.001 (\*\*\*). (**D**) Growth curves of tumors generated by K562 cells stably expressing 2 independent shRNA SCR (\#509 and \#543) and 2 independent shRNA for *MAPK15* (\#547 and \#549), after injection on the flank of athymic nude-FOXN1^nu^ mice. Each point represents the mean volume ± SEM of 10 tumors. One-way ANOVA test for tumor volume at time points of 13, 16, 19 d comparing each shSCR xenograft group with each sh*MAPK15* xenograft group resulted in a *P* value significance lower than 0.001 (\*\*\*).

Neoplastic transformation occurs via a series of genetic and epigenetic alterations that give rise to a cell population capable of proliferating independently of both external and internal signals. Anchorage-independent growth is one of the hallmarks of cell transformation and in vitro assays monitoring this phenomenon are considered among the most accurate and stringent for detecting malignant transformation of cells.[@cit0038] Indeed, we performed soft-agar assays with HeLa cells overexpressing BCR-ABL1 and, demonstrated that the oncogene increased the number of transformed colonies (**Fig. S8**). To establish a role for MAPK15 in BCR-ABL1-dependent cellular transformation, we therefore evaluated colony formation ability demonstrating that MAPK15 depletion caused a reduction in the number of anchorage-independent colonies from BCR-ABL1-expressing cells ([**Fig. 7B**](#f0007){ref-type="fig"}).

To confirm that MAPK15 is necessary for BCR-ABL1 biological effects in a system expressing this oncogene at physiologically relevant levels, we next evaluated cell proliferation of K562 CML cells depleted for MAPK15 expression. Indeed, K562 cells expressing 2 different *MAPK15* specific shRNA (\#547 and \#549) showed significantly reduced proliferation rates as compared to K562 cells expressing 2 independent control shRNAs (scrambled, SCR, \#509 and \#543) ([**Fig. 7C**](#f0007){ref-type="fig"}).

Ultimately, K562-dependent tumor formation was assessed, in vivo, by a xenograft approach in nude mice. Two lines for K562 expressing control shRNAs (SCR, \#509 and \#543) and 2 for K562 cells expressing *MAPK15* specific shRNAs (\#547 and \#549) were inoculated in athymic nude-FOXN1^nu/nu^ mice and tumor growth was monitored over a time span of approximately 3 wk. Tumor growth rates in the 4 experimental groups significantly diverged early on during the period of observation, with most of the inoculi generated with MAPK15-depleted K562 cells being completely unable to form appreciable tumors at the endpoint of the experiment ([**Fig. 7D**](#f0007){ref-type="fig"}). Overall, our data therefore demonstrated a key role of the endogenous MAPK15 protein in mediating BCR-ABL1-dependent transformation signals, both in a model system (HeLa cells) exogenously expressing BCR-ABL1 and in a physiologically relevant model for CML, i.e. K562 cells endogenously expressing the BCR-ABL1 human oncogene.

MAPK15-dependent regulation of autophagy is necessary for BCR-ABL1-dependent cell proliferation and tumor formation {#s0002-0007}
-------------------------------------------------------------------------------------------------------------------

Based on previously described results, we finally aimed at demonstrating that MAPK15-dependent autophagy was indeed crucial for BCR-ABL1-dependent cell proliferation and tumor formation in K562 cells, in which a pharmacological inhibitor of autophagy, chloroquine, has already been demonstrated to inhibit cell proliferation even when associated to low doses of imatinib.[@cit0012] For this, we took advantage of the previously described LIR-defective and autophagy-incompetent MAPK15^AXXA^ mutant, that nonetheless maintains its kinase activity.[@cit0019] We, therefore, generated K562 cells stably expressing this mutant and, as additional controls, an empty vector, WT MAPK15 and a MAPK15 kinase dead mutant (MAPK15^KD^). Their proliferation rate was evaluated by Trypan blue exclusion assay, demonstrating that both the MAPK15^AXXA^ and the MAPK15^KD^ mutants caused, respectively, a 43% and 58% decrease in cell amount compared to WT MAPK15 ([**Fig. 8A**](#f0008){ref-type="fig"}). Figure 8.MAPK15-dependent autophagy controls BCR-ABL1-dependent cell proliferation and tumor formation. (**A**) K562 cells stably expressing empty vector, WT MAPK15, MAPK15^AXXA^ and MAPK15^KD^ were seeded in 6-well plates at 2 × 10^5^ cells per well in triplicate. After 72 h, cells were harvested and counted. (**B**) Growth curves of tumors generated by K562 cells stably expressing empty vector, WT MAPK15, MAPK15^AXXA^ and MAPK15^KD^, after injection on the flank of athymic nude-FOXN1^nu^ mice. Each point represents the mean volume ± SEM of 10 tumors. One-way ANOVA test for tumor volume at time points of 17 and 21 d comparing each MAPK15 mutant xenograft group (MAPK15^AXXA^ and MAPK15^KD^) with WT MAPK15 xenograft group resulted in a *P* value significance lower than 0.001 (\*\*\*).

Ultimately, to evaluate the role of autophagy controlled by MAPK15 in endogenous BCR-ABL1-dependent in vivo tumor formation, we injected K562 cells stably expressing empty vector and WT, AXXA, and KD MAPK15 mutants, in athymic nude-FOXN1^nu/nu^ mice and monitored their tumor growth over a time span of 3 wk. At the endpoint of observations, the MAPK15^AXXA^ mutant (with impaired autophagic activity) and the MAPK15^KD^ (with impaired kinase and autophagic activity) mutant significantly affected K562-dependent tumor growth, as compared to WT MAPK15 ([**Fig. 8B**](#f0008){ref-type="fig"}). Altogether these data, therefore, demonstrated that the ability of MAPK15 to control the autophagic process is necessary for mediating BCR-ABL1-dependent oncogenic effects. Importantly, they also confirm that targeting MAPK15 kinase activity impairs the oncogenic potential of BCR-ABL1 in CML cells suggesting this MAP kinase as a novel pharmacological target for the therapy of human CML.

Discussion {#s0003}
==========

Autophagy has been demonstrated as necessary for BCR-ABL1-induced leukemogenesis.[@cit0007] In this study, we show that MAPK15 mediated BCR-ABL1-induced autophagy and that this signaling pathway is necessary for proliferation and transformation sustained by this human oncogene ([**Fig. 9**](#f0009){ref-type="fig"}). At the molecular level, BCR-ABL1 interacted with and activated MAPK15 and their binding promoted BCR-ABL1 relocalization to autophagic vesicles. Furthermore, MAPK15 depletion or pharmacological inhibition limited BCR-ABL1-induced autophagy, supporting the possibility that specific MAPK15 inhibitors may be beneficial for the therapy of human CML. Although, at the moment, we have no experimental evidence sustaining a similar role for this MAP kinase in controlling autophagy by other human oncogenes, available data from our laboratory suggest that MAPK15 mediates activation of autophagy also by starvation, while rapamycin, another typical stimulus, seems not to affect its activity.[@cit0019] Our hypothesis is, therefore, that MAPK15 will likely transduce autophagy signals by other stimuli, possibly oncogenes, and we are currently investigating this issue for its potentially general importance on cellular transformation and human cancer. Figure 9.MAPK15 mediates BCR-ABL1-induced autophagy and cellular transformation. (**A**) BCR-ABL1 interacts with MAPK15 inducing autophagy, resulting in cell proliferation and transformation. (**B**) In cells depleted for MAPK15 expression or kinase activity (or even expressing a LIR-deficient mutant, MAPK15^AXXA^), BCR-ABL1 is unable to trigger autophagy, cell proliferation, and transformation.

It is interesting to notice that all BCR-ABL1-expressing CML cell lines analyzed expressed MAPK15 at very high levels, whereas immortalized T lymphocyte cells and other BCR-ABL1 negative leukemic cells showed much lower MAPK15 expression (**Fig. S2**). A possible explanation for this result is that the BCR-ABL1 oncogene itself is able to control *MAPK15* expression, which, in turn, actively participates in the leukemogenic process, thanks to its ability to control autophagy, as demonstrated in this report. Moreover, besides BCR-ABL1, other human oncogenes with constitutive tyrosine kinase activity have been reported to control MAPK15 activity,[@cit0017] while no data is currently available regarding the ability of these oncogenes to control its expression. Still, as this MAP kinase is devoid of upstream MEKs (ref. 22 and our observations), and it can be controlled at the level of expression and/or stability by different stimuli,[@cit0018] we are now actively pursuing the idea that expression of the kinase is under the control of specific oncogenic signaling pathways that are, in turn, able to take advantage of MAPK15 ability to stimulate autophagy and, consequently, cell proliferation, and tumor formation.

Interestingly, the BCR-ABL1 oncoprotein has been extensively localized to the cytoplasm and to the nucleus,[@cit0024] although only recently an F-actin binding domain in BCR-ABL1 has been identified and its localization on the cytoskeleton has been intensely investigated.[@cit0026] Simple disruption of the BCR-ABL1 F-actin binding domain causes loss of cytoskeletal distribution and relocalization to cytoplasmatic puncta of BCR-ABL1.[@cit0026] A similar distribution of BCR-ABL1 has been also shown in leukemic cells upon chemotherapeutic treatment, and such BCR-ABL1 cytoplasmic dots have been recognized as autophagosomes.[@cit0042] Here, we confirm that BCR-ABL1 is localized on autophagic vesicles by demonstrating its colocalization with 2 previously described markers, MAPK15 and LC3B.[@cit0019] In addition, we also established that BCR-ABL1 localization to autophagic vesicles is dependent on its interaction with MAPK15 and on the presence, in MAPK15, of an intact LIR motif. Indeed, overexpression of a LIR-defective mutant of MAPK15 prevented BCR-ABL1 localization to LC3B-positive structures. It is therefore tempting to speculate that MAPK15, while transducing signals upon BCR-ABL1 activation, may also be important for specific localization of this oncoprotein and, possibly, of the wild-type ABL1 protein, on autophagic vesicles. This, in turn, might allow BCR-ABL1 to access specific sets of autophagic vesicle-localized proteins, strongly sustaining the recent interest in autophagy for the treatment of CML.

While the role of autophagy in BCR-ABL1-dependent leukemogenesis is now established, the molecular mechanisms by which the leukemic driver controls this process are still mostly unclear. In particular, few papers adopt genetic approaches to investigate the direct effect of BCR-ABL1 on autophagy and try to dissect downstream signals to the autophagic process. Conversely, here we show that ectopic addition of the BCR-ABL1 oncogene could affect cell autophagic rates ([**Fig. 2**](#f0002){ref-type="fig"} and [**Fig. 3**](#f0003){ref-type="fig"}) and that depletion of endogenous MAPK15 inhibits this effect, even in a physiologically relevant system in which the oncogene is endogenously expressed. Interestingly, the use of a MAPK15 mutant specifically devoid of a LIR domain necessary for autophagy regulation but still proficient for kinase activity,[@cit0019] strongly interfered with the ability of BCR-ABL1 i) to stimulate autophagy, ii) to localize to autophagic vesicles, iii) to stimulate cell proliferation and, iv) to sustain tumor formation in vivo, supporting a key role of MAPK15-dependent autophagy in CML. Importantly, our data confirm previous observations describing leukemogenesis as a process highly dependent on autophagy.[@cit0009] Altogether, our hypothesis is that BCR-ABL1 encodes for a constitutive active tyrosine kinase that controls the autophagic process in a MAPK15-dependent fashion, lowering cell stress and allowing leukemogenesis. Based on this, we predict that inhibition of autophagy by pharmacologically acting on MAPK15 might have therapeutic effects on CML, in association with specific BCR-ABL1 kinase inhibitors. In this context, the identification of MAPK15 as a new target for the development of small drug inhibitors,[@cit0044] able to affect CML through regulation of the autophagic process elicited by BCR-ABL1, surely deserves attention and further investigation.

Materials and Methods {#s0004}
=====================

Reagents and antibodies {#s0004-0001}
-----------------------

Bafilomycin A~1~ (Baf) (Santa Cruz Biotechnology, sc-201550) and Ro318220 (VWR International, 557521--500) were dissolved in DMSO. Hank\'s medium (H15--010), used as starvation medium, was obtained by PAA. The following primary antibody was used for immunoprecipitations: anti-HA (Covance, MMS-101R). For western blots, the following primary antibodies were used: anti-MAPK15 (custom preparation),[@cit0019] anti-HA (Covance, MMS-101R), anti-LC3B (Nanotools, 0231--1000), anti-phospho-MAPK1/3 (Thr202/Tyr204) (Cell Signaling Technology, 9101), anti-SQSTM1/p62 (BD Biosciences, 610833), anti-ABL1 (BD Pharmingen, 554148) anti-MAPK1 (Santa Cruz Biotechnology, sc-154). For confocal microscopy experiments, the following primary antibodies were used: anti-MAPK15 (custom preparation),[@cit0019] anti-HA (Santa Cruz Biotechnology, sc-7392), anti-LC3B (MBL, M152--3), anti-ABL1 (BD PharMingen, 554148), anti-ABL1 (Santa Cruz Biotechnology, sc-131). The following secondary antibodies were used for western blot experiments: anti-mouse (Santa Cruz Biotechnology, sc-2004) and anti-rabbit (Santa Cruz Biotechnology, sc-2005) HRP-conjugated IgGs. The following secondary antibodies were used for confocal microscopy experiments: anti-mouse Alexa Fluor 488-conjugated (Life Technologies, A21202), anti-rabbit Alexa Fluor 488-conjugated (Life Technologies, A21206), anti-mouse Alexa Fluor 555-conjugated (Life Technologies, A31570), anti-rabbit Alexa Fluor 555-conjugated (Life Technologies, A31572), anti-mouse Alexa Fluor 647-conjugated (Life Technologies, A31571), anti-rabbit Alexa Fluor 647-conjugated (Life Technologies, A31573).

Expression vectors {#s0004-0002}
------------------

pCEFL-HA-MAPK15 and all its mutants have already been described.[@cit0019] ABL1 encoding plasmids: pCEFL-c-ABL1, pCEFL-EGFP-ABL1, pCEFL-ABL1^KD^ (kinase dead), pCEFL-BCR-ABL1 are already described.[@cit0020] pcDNA4-Tet-On-BCR-ABL1 was generated by subcloning with EcoRI restriction sites the *BCR-ABL1* gene from the MIG-210 BCR-ABL1 plasmid, kindly provided from Ricardo Sanchez Prieto (Universidad de Castilla-La Mancha),[@cit0045] into the pcDNA4 Tet-inducible vector, kindly provided from Francesca Carlomagno (Università degli Studi di Napoli). The plasmid encoding for GST-tagged isoform of BCR-ABL1, pLEF GST-BCR-ABL1(p210) was obtained from Addgene (plasmid 38158, deposited by Nora Heisterkamp).[@cit0046] pCEFL-EGFP-LC3B is already described.[@cit0019] pGIPZ plasmids encoding for shRNA scrambled and shRNA *MAPK15* were purchased from Open Biosystem (RHS4531-EG225689). pCEFL-MAPK15-IRES-GFP and all its mutants (AXXA; KD) were generated by subcloning the *MAPK15* gene, excised from pCEFL-HA-MAPK15, upstream the IRES sequence, with BamHI and XbaI restriction sites.

Cell culture and transfections {#s0004-0003}
------------------------------

293T and HeLa cells were maintained in DMEM (PAA, E15--009) supplemented with 10% fetal bovine serum (PAA, A15--151), 2 mM [L]{.smallcaps}-glutamine and 100 units/ml penicillin-streptomycin at 37°C in an atmosphere of 5% CO~2~/air. HeLa cells stably expressing GFP-LC3B were created transfecting HeLa cells with the previously described pCEFL GFP-LC3B plasmid,[@cit0019] and selecting cells with 1 mg/ml G418 (Genespin, STS-G418). HeLa T-Rex BCR-ABL1 cells were created by transfecting HeLa T-Rex cells with the pcDNA4-Tet-On-BCR-ABL plasmid and selecting them with 200 ug/ml zeocin until cells were stabilized. HeLa T-Rex BCR-ABL1 cells were maintained in DMEM supplemented with 10% fetal bovine serum (Clonetech, 631106), 2 mM [L]{.smallcaps}-glutamine, 5 ug/ml blasticidin and 100 units/ml penicillin-streptomycin at 37°C in an atmosphere of 5% CO~2~/air. In HeLa T-Rex BCR-ABL1, the expression of the BCR-ABL1 protein is inducible by addition of doxycycline. HeLa cells stably expressing pCEFL and scrambled (SCR) shRNA, pCEFL and *MAPK15* shRNA, BCR-ABL1 and SCR shRNA, or BCR-ABL1 and *MAPK15* shRNA respectively were transfected with pCEFL empty vector, pCEFL-BCR-ABL, pGIPZ shSCR or pGIPZ sh*MAPK15* and selected for respective antibiotic resistances for G418 (1 mg/ml) and puromycin (2 ug/ml). The stably expressing cells were then plated at a limiting dilution in 96-well plates to obtain single cell clones.

293T and HeLa cells were maintained in RPMI 1640 (PAA, E15--039) supplemented with 10% fetal bovine serum (PAA, A15--151), 2 mM [L]{.smallcaps}-glutamine and 100 units/ml penicillin-streptomycin at 37°C in an atmosphere of 5% CO~2~/air. K562 cells stably expressing shSCR and sh*MAPK15* were generated by electroporating cells with respective shRNAs and by selecting with Puromycin (2 ug/ml) whereas K562 expressing WT as well as the AXXA and KD MAPK15 mutants were generated by electroporating cells with the above-described corresponding plasmids and selected with G418 (1 mg/ml).

For immunofluorescence experiments and western blot analysis, 5 × 10^4^ cells were seeded in 12-well plates (2 × 10^5^ cells in 6-well plates) and transfected with 200 ng (500 ng in 6-well plates) of each expression vector, using Lipofectamine LTX (Life Technologies, 15338500). All experiments were performed, unless specified, 24 h after transfection. For confocal microscopy experiments, 2.5 × 10^4^ cells were seeded on coverslips placed in 12-well plates. Each sample was transfected with 200 ng of each plasmid using Lipofectamine LTX.

RNA interference {#s0004-0004}
----------------

*MAPK15*-specific siRNA (target sequence for *MAPK15* \#01 siRNA 5′-GCTTGGAGGCTACTCCC-3′, for *MAPK15* \#02 siRNA 5′-GACAGATGCCCAGAGAACA-3′, for *MAPK15* \#03 siRNA 5′-CCTGGTGTTTGAGTTTATG-3′) and nonsilencing siRNA (scrambled, SCR; target sequence 5′-AATTCTCCGAACGTGTCACGT-3′) were obtained from Qiagen. HeLa cells were transfected with siRNA at a final concentration of 5 nM using HiPerFect (Qiagen, 301707), according to the manufacturer's instructions. Samples were analyzed, unless specified, 72 h after transfection.

Western blots {#s0004-0005}
-------------

Total lysates were obtained by resuspending washed cellular pellet fractions in MAPK lysis buffer (20 mM HEPES, pH 7.5, 10 mM EGTA, 40 mM β-glycerophosphate, 1% NP-40 (Sigma Aldrich, I3021), 2.5 mM MgCl~2~, 2 mM orthovanadate, 2 mM NaF, 1 mM DTT, Roche protease inhibitors cocktail (Roche Diagnostics, 05056489001). Proteins were quantified by the Bradford assay and, before loading, Laemmli 5X was added to the proteins which were incubated for 5 min at 95°C. Then, proteins were loaded on SDS-PAGE poly-acrylamide gel, transferred to Immobilon-P PVDF membrane (Millipore, IPVH00010), probed with the appropriate antibodies, and detected by enhanced chemoluminescence (ECL Prime; GE Healthcare, RPN2232). Images were then acquired with a LAS 4000 imager (GE Healthcare, Milan, Italy). Densitometric analysis of western blots was performed with NIH ImageJ 1.43u (National Institutes of Health).

Coimmunoprecipitations {#s0004-0006}
----------------------

Whole cell lysates were obtained by resuspending washed pellet fractions in the above-mentioned MAPK lysis buffer. Lysates were incubated with appropriate antibodies for 2 h at 4°C. Then, immunocomplexes were purified by incubating the lysates for 45 min with protein G Mag Sepharose Xtra (GE Healthcare, 28--9670--70). After 5 washes, the immunocomplexes were resuspended in 2X Laemmli buffer and subjected to western blot analysis. For endogenous coimmunoprecipitation experiments, 5 mg of K562 cell lysates were used.

Affinity purifications {#s0004-0007}
----------------------

Whole cell lysates were obtained by resuspending washed pellet fractions in the above-mentioned MAPK lysis buffer. Lysates were incubated with Glutathione Magnetic Beads (Pierce, 88822) for 2 h at 4°C. After 5 washes, protein-beads complexes were resuspended in 2X Laemmli buffer and subjected to western blot analysis.

Immunofluorescence (IF) {#s0004-0008}
-----------------------

Cells were washed with phosphate-buffered saline (PBS; Oxoid, BR0014G), then fixed with 4% paraformaldehyde in PBS for 20 min and permeabilized with 0.2% Triton X-100 (Sigma Aldrich, T8787) solution or 100 μg/ml digitonin solution (Life Technologies, BN2006) for 20 min, as indicated. Cells were incubated with the appropriate primary antibodies for 1 h, washed 3 times with PBS, and then incubated for 30 min with appropriate Alexa Fluor 488-conjugated (Life Technologies, A21202), Alexa Fluor 555-conjugated (Life Technologies, A31272) or Alexa Fluor 647-conjugated (Life Technologies, A21245) secondary antibodies and then washed again 3 times in PBS. Nuclei were stained with a solution of 1.5 μM of 4′,6-diamidino-2-phenylindole (DAPI; Sigma Aldrich, D9542) in PBS for 5 min. Coverslips were mounted in Fluorescence Mounting Medium (Dako, S3023). Samples were visualized on a TSC SP5 confocal microscope (Leica Microsystems, Germany, Mannheim) installed on an inverted LEICA DMI 6000CS microscope (Leica Microsystems, Germany, Mannheim) and equipped with an oil immersion PlanApo 63X 1.4 NA objective. Images were acquired using the LAS AF acquisition software (Leica Microsystems).

Anchorage-independent growth {#s0004-0009}
----------------------------

HeLa cells were transient transfected with the indicated DNA plasmid or siRNA. After recovery, cells were seeded at 300 cells per 9-cm dish in DMEM, supplemented with 10% fetal bovine serum, 2 mM [L]{.smallcaps}-glutamine, 100 units/ml penicillin-streptomycin and 0.35% agar, on a more dense layer of the same medium (0.5% agar). The cultures were maintained in a 37°C, 5% CO2 incubator for 14 d. Colonies were stained with 4 mg/ml iodonitrotetrazolium chloride (Sigma Aldrich, I8377) and scored using a microscope.

Cell count {#s0004-0010}
----------

Briefly, cells were seeded in 6-well plates at 2 × 10^5^ cells per well in triplicate. Then cells were transfected and 72 h post transfection cell number was determined by counting the viable cells in a hemocytometer by trypan blue dye exclusion assay.

Cell cycle analysis {#s0004-0011}
-------------------

Cells were harvested and counted. Then, 1 × 10^6^ cells were pelleted and resuspended in 1 ml Nicoletti solution (propidium iodide 50 mg/liter in 0.1% sodium citrate plus 0.1% Triton X-100). Cells were incubated in the dark at 4°C for 60 min and analyzed in a flow cytometer (FACSCanto II, BD Biosciences, Italy, Milan).

Xenografts {#s0004-0012}
----------

All protocols involving animals have been approved by the internal Animal Welfare Body and by Italian Ministero della Salute. For each injection, 5 × 10^6^ K562 cells were resuspended in 100 μl PBS. Six-week-old athymic nude female mice (Harlan Laboratories) were injected in both flanks using a 21-gauge needle. The mice were anesthetized with isoflurane throughout the procedure. Five mice were injected on both flanks, for a total of 10 xenograft tumors per group. The animals were then monitored for tumor growth and tumor size was measured twice a week with a caliper (2Biological Instruments). Tumor volumes were calculated using the formula V = W^2^ × L × 0.5, where W and L are tumor width and length, respectively.

Dot count, Pearson correlation, and statistical analysis {#s0004-0013}
--------------------------------------------------------

For the LC3B-positive dot count, we performed intensitometric analysis of fluorescence using the Quantitation Module of Volocity software (PerkinElmer Life Science). Pearson correlation was also measured by the Quantitation Module of Volocity software. Dot count and colocalization rate were subjected to statistical analysis. Measures were obtained by analyzing at least 400 cells/sample from 3 different experiments. Significance (*P* value) was assessed by one-way ANOVA test. Asterisks were attributed for the following significance values: *P* \< 0 .05 (\*), *P* \< 0 .01 (\*\*), *P* \< 0 .001 (\*\*\*).

Disclosure of Potential Conflicts of Interest {#s0005}
=============================================

No potential conflicts of interest were disclosed.

Acknowledgments
===============

We thank Ricardo Sánchez-Prieto (Universidad de Castilla-La Mancha, CRIB/UCLM, Albacete, Spain) and Francesca Carlomagno (Università degli Studi di Napoli Federico II, Italy) for plasmids and Toscana Life Sciences Foundation for providing highly performing technological platforms.

Supplemental Material {#s0006}
=====================

Supplemental data for this article can be accessed on the [publisher\'s website](http://dx.doi.org/10.1080/15548627.2015.1084454).

###### 1084454_Supp_Figs.pdf

Funding
=======

This work was supported by a start-up grant from Regione Toscana, by the Italian Association for Cancer Research (AIRC) and by a grant to Regione Toscana from Ministero della Salute, Italy, in the context of the "Programma per la Ricerca Sanitaria Finalizzata 2008."
